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SURPSWO\DFFHVVLEOHLQPDQ\UHJLRQVDURXQGWKHJOREH1HYHUWKHOHVVSUHVWUHVVHGFRQFUHWHVOHHSHUVDQGWRDUHVWULFWHG
GHJUHHRIVWHHOVOHHSHUVKDYHEHHQZHOOUHFHLYHGLQPRGHUQUDLOZD\WUDFNVRYHUWKHSUHYLRXVGHFDGHVRQDFFRXQWRI
WKHLUVWUHQJWKDQGORQJDGPLQLVWUDWLRQOLIH6ROLGVOHHSHUVDUHGHSLFWHGDVHLWKHUWZLQVTXDUHRUPRQRSLHFH,QVLGHDOO
WKHVHVRUWVFRQFUHWHVOHHSHUVDUHDOOWKHPRUHJHQHUDOO\XWLOL]HGLQOLJKWRIWKHIDFWWKDWWKH\DUHQRWLQIOXHQFHGDOOWKDW
PXFKE\ HLWKHU WKH DWPRVSKHUH RU FOLPDWH )XUWKHUPRUH LW SURYLGHV DQFKRUDJH IRU WKH IDVWHQLQJ V\VWHPDQG OLPLW
ORQJLWXGLQDOSDUDOOHODQGYHUWLFDOPRYHPHQWE\HPEHGGLQJLWVHOIRQWRWKHVXEVWUXFWXUHV>@)LJEHORZLOOXVWUDWHV
WKHWZRW\SHVRIFRQFUHWHVOHHSHUV

1RPHQFODWXUH
ȡc GHQVLW\RIFRQFUHWH
ȡs GHQVLW\RIVWHHO
Ȟc 3RLVVRQ¶VUDWLRRIFRQFUHWH
Ȟs 3RLVVRQ¶VUDWLRRIVWHHO
ıcc &RPSUHVVLYHVWUHQJWKRIFRQFUHWH
ıct 7HQVLOHVWUHQJWKRIFRQFUHWH
Ec 0RGXOXVRIHODVWLFLW\RIFRQFUHWH
Es 0RGXOXVRIHODVWLFLW\RIVWHHO
CDP &RQFUHWHGDPDJHSODVWLFLW\
)($ )LQLWHHOHPHQWDQDO\VLV
GF )UDFWXUHHQHUJ\
P 3UHVWUHVVLQJIRUFH


)LJ0RQREORFNDQGWZLQEORFNFRQFUHWHVOHHSHUV>@
6LJQLILFDQFHDQGRULJLQDOLW\
&RQFUHWHVOHHSHUVRUFURVVWLHVZHUHLQLWLDOO\LQWURGXFHGDURXQGPDQ\GHFDGHVDJRDQGDWSUHVHQWDUHLQWURGXFHG
LQDOPRVWHYHU\ZKHUHLQWKHZRUOG7KHLUPDMRUUROHLVWRGLVWULEXWHORDGVIURPWKHUDLOIRRWWRWKHXQGHUO\LQJEDOODVW
EHG5DLOURDG WUDFNVWUXFWXUHVRIWHQH[SHULHQFH LPSDFW ORDGLQJFRQGLWLRQVGXH WRZKHHOUDLO LQWHUDFWLRQVDVVRFLDWHG
ZLWKDEQRUPDOLWLHVLQHLWKHUDZKHHORUDUDLO>@,QDGGLWLRQUDLOURDGWUDFNFRPSRQHQWVDUHRIWHQEHLQJPRGLILHG
DWFRQVWUXFWLRQVLWHVWRILWZLWKVLJQDOOLQJJHDUVFDEOHVDQGDGGLWLRQDOWUDLQGHUDLOPHQWSURWHFWLRQVVXFKDVJXDUGUDLOV
FKHFNUDLOV(DUWKTXDNHSURWHFWLRQUDLOVHWF7KHSUDFWLFDOJXLGHOLQHIRUFURVVWLHUHWURILWKDVQRWEHHQZHOOHVWDEOLVKHG
DQGPDQ\DWWHPSWVZHUHFDUULHGRXWEDVHGRQHPSLULFDOH[SHULHQFHDQGWULDOVDQGHUURUV'HVSLWHDFRPPRQWDVNLQ
FRQVWUXFWLRQVLWHWKHEHKDYLRXURIKROHVDQGZHERSHQLQJVRQFRQFUHWHFURVVWLHVKDVQRWEHHQZHOOGRFXPHQWHGLQ
RSHQOLWHUDWXUH,QWKLVPDQQHULWLVLPSRUWDQWWRHQVXUHWKDWFRQFUHWHVOHHSHUVFDQEHUHWURILWWHGDQGPRGLILHGIRUDGG
RQIL[WXUHLQSUDFWLFH>@7KHHPSKDVLVRIWKLVVWXG\KDVEHHQSODFHGRQWKHQXPHULFDOPRGHOOLQJRIWKHVOHHSHUV
ZLWKKROHVDQGZHERSHQLQJV7KHPRGHOFDQOHDGWREHWWHUXQGHUVWDQGLQJRIVWUXFWXUDOEHKDYLRXUVRIWKHVOHHSHUVZLWK
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KROHVDQGZHERSHQLQJVZKLFKZLOOQRWRQO\LPSURYHVDIHW\DQGUHOLDELOLW\RIUDLOZD\LQIUDVWUXFWXUHEXWZLOODOVR
HQKDQFHWKHVWUXFWXUDOVDIHW\RIRWKHUFRQFUHWHVWUXFWXUHV
)LQLWHHOHPHQWPRGHOOLQJ
$ WKUHHGLPHQVLRQDO ILQLWH HOHPHQW SDFNDJH $%$486 KDV EHHQ XVHG WR HVWDEOLVK WKH 'PRGHOZKLFK LV D
QXPHULFDOLQVWUXPHQWXVHGWRVKRZDQGVLPXODWHWKHPHFKDQLFDOEHKDYLRXUDQGWKHUHVSRQVHVRISUHVWUHVVHGFRQFUHWH
VOHHSHUV$WSUHVHQWLWLVLPSRUWDQWWREHDEOHWRXVHYHU\DGYDQFHGPDWKHPDWLFDOVROXWLRQVDQGPHWKRGVIRUYLUWXDO
DQDO\VHV RI ODUJH DQG FRPSOH[ VWUXFWXUHV RI ZKLFK WKH H[SHULPHQWDO ZRUN ZRXOG EH YHU\ H[SHQVLYH DQG WLPH
FRQVXPLQJ7KHUHIRUHILQLWHHOHPHQWDQDO\VLV)($KDVEHFRPHDYHU\IDPRXVWRROLQWKHUHFHQW\HDUV,WSURYLGHV
QXPHULFDO DQVZHUV IRU HYHQH[WUHPHO\FRPSOH[ VWUHVV LVVXHVZKLFKFDQQRZEHDFTXLUHG URXWLQHO\XWLOL]LQJ)($
SDFNDJHV)($SDFNDJHVZHUHZLGHO\XVHGIRUWKUHHPDLQUHDVRQVZKLFKDUHDQHIIHFWLYHFRVWRIFRQVWUXFWLRQVDYLQJ
LQGHVLJQWLPHDQGILQDOO\WKHVDIHW\RIWKHVWUXFWXUH>@
$%$486&$(YHUVLRQ  KDV EHHQ FKRVHQ DV WKH IXQGDPHQWDO VWDJH IRU WKLV VWXG\$OO VROLG FRPSRQHQW
PRGHOVKDYHEHHQFUHDWHGXVLQJ$%$486$FRPSOHWHLQYHVWLJDWLRQXWLOL]LQJ$%$486REOLJHVDGHSLFWLRQRIWKH
QRQOLQHDUPDWHULDOVWKHPRGHOVHWXSERXQGDU\FRQGLWLRQVUHOHYDQWVWHSVHOHPHQWLQSXWDQGORDGLQJSURFHVV$WKUHH
SRLQWVWDWLFEHQGLQJWHVWZDVXQGHUWDNHQLQRUGHUWRYDOLGDWHWKHPRGHOZLWKWKHH[SHULPHQWDOUHVXOWV7KHPDWHULDO
QRQOLQHDULW\LVHVVHQWLDOO\DGRSWHGIRUWKLVPRGHOGXHWRLWVSODVWLFEHKDYLRXURIFRQFUHWHDQGVWHHODIWHUWKHIUDFWXUH
RU\LHOGSRLQW7KLVFDQEHDFFRPSOLVKHGE\HQWHULQJWKHUHOHYDQWOLQHDUDQGQRQOLQHDUGDWDIRUWKHPDWHULDOVHFWLRQLQ
$%$486 )RU WKH OLQHDU VWUXFWXUDO EHKDYLRXU RI WKHPDWHULDO HODVWLFPRGXOXV DQG WKH 3RLVVRQ¶V UDWLR DUH XVHG
&RQFUHWHGDPDJHGSODVWLFLW\PRGHOLQ$%$486([SOLFLWKDVEHHQXVHGIRUPRGHOOLQJSUHVWUHVVHGFRQFUHWHVOHHSHUV
ZLWKKROHDQGZHERSHQLQJDVVKRZQLQ)LJ>@
 
)LJ&RQVWUXFWHGPHVKHVRIFRQFUHWHVOHHSHUDQGDSUHVWUHVVLQJVWHHOWHQGRQQRWRQVFDOH
7KHW\SLFDOSURSHUWLHVRIQRUPDOVWUHQJWKFRQFUHWH&XVHGDVLQSXWGDWD
x 'HQVLW\  ȡc  NJP͒
x <RXQJ¶VPRGXOXV Ǽc  03D
x 3RLVVRQ¶VUDWLR  Ȟc  ͒
x &RPSUHVVLYHVWUHQJWK ıcc  03D
x 7HQVLOHVWUHQJWK ıct 03D͒
x )UDFWXUHHQHUJ\  GF  1P

7KHFRPSUHVVLYHEHKDYLRURIFRQFUHWHZDVHVWDEOLVKHGWKURXJKWKHSODVWLFLW\DOJRULWKPDQGFRPSUHVVLYHVWUHVV
VWUDLQGDWDLQRUGHUWRREWDLQWKHFUXVKLQJHIIHFWRIFRQFUHWH7KHWHQVLOHEHKDYLRURIFRQFUHWHZDVDWWDLQHGE\WKH\LHOG
VWUHVVDQGWKHIUDFWXUHHQHUJ\LQSXW7DEOHEHORZLOOXVWUDWHVWKHPDWHULDOSDUDPHWHUVRIFRQFUHWHGDPDJHSODVWLFLW\
&'3PRGHOIRUFRQFUHWHFRPSUHVVLYHVWUHQJWKRI03D
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7DEOH3ODVWLFLW\LQSXWIRU&'3PRGHO
3URSHUW\ YDOXH
'LODWLRQDQJOH 
(FFHQWULFLW\ 
Fb0/fc0 
.
9LVFRVLW\SDUDPHWHU




3UHVWUHVVHGWHQGRQVLQDVOHHSHUFDQLQFUHDVHWHQVLOHFDSDFLW\RIWKHVOHHSHU,WLVLPSRUWDQWWRFRQVLGHUWKHSUH
VWUHVVHGVWHHOPDWHULDOGDWDZKHQPRGHOLQJ7KHSURSHUWLHVRIWKHSUHVWUHVVHGVWHHOWHQGRQVDUHDVIROORZV
x 'HQVLW\  ȡs  JFP͒
x <RXQJ¶VPRGXOXV Ǽs  *3D
x 3RLVVRQ¶VUDWLR  Ȟs  ͒
x 3UHVWUHVVLQJIRUFH 3 N1
([SHULPHQWDOYDOLGDWLRQ
7KHWHVWVHWXSVKDYHFDUULHGRXWLQDFFRUGDQFHZLWK%ULWLVK6WDQGDUGV%6(1>@LQRUGHUWRSURYLGH
EHQFKPDUNLQJW\SHWHVWLQJUHVXOWVDVVKRZQLQ)LJ7KHWHVWLQJZDVXQGHUWDNHQXVLQJGLVSODFHPHQWFRQWUROPHWKRG
DWDVORZORDGUDWHLQRUGHUWRREWDLQPRUHDFFXUDWHGDWD7KHHTXLSPHQWXVHGIRUWKHWHVWDUHDVIROORZV
x 6WUDLQJDXJHVDQGZLUHVDWWRSDQGERWWRPILEHUPPDQGVWUDLQJDXJHEULGJHV
x /RDGFHOO
x /LQHDUSRWHQWLRPHWHUDWWKHQHXWUDOD[LVDQGWRSRIWKHVOHHSHUDQG
x &RPSXWHUDQGGDWDORJJHU'$7$/2**(5648,55(/86%


)LJ$UUDQJHPHQWDWWKHUDLOVHDWIRUSRVLWLYHEHQGLQJWHVW
)LJGHPRQVWUDWHVWKHORDGGHIOHFWLRQFRPSDULVRQRIWKHH[SHULPHQWDODQGQXPHULFDOUHVXOWVIRUWKHVOHHSHUZLWK
QRZHERSHQLQJV7KHHODVWLFUDQJHRIWKHWZRFXUYHVVKRZVJRRGFRUUHODWLRQZLWKIDLOXUH,QDGGLWLRQWKHQXPHULFDO
XOWLPDWHORDGREWDLQHGIURP)($LVORZHUWKDQWKHPD[LPXPH[SHULPHQWDOORDGIRUWKHDSSOLHGGLVSODFHPHQW
+RZHYHUWKHQXPHULFDOUHVXOWVVKRZDQHDUO\IDLOXUHDWDURXQGPPGHIOHFWLRQFRPSDUHGWRWKHH[SHULPHQWDOUHVXOWV
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7KLVLVEHFDXVHRQO\DYDLODEOHWHVWHGSDUDPHWHUVIRUFRQFUHWHGDPDJHPRGHOLQWURGXFHGLQWKHPRGHODUHIRUUHLQIRUFHG
FRQFUHWHVWUXFWXUHV

)LJ)(YDOLGDWLRQRIWKHVOHHSHUZLWKQRZHERSHQLQJV

)LJ'HIRUPHGVKDSHRIWKHVOHHSHUZLWKQRZHERSHQLQJV

)LJ'HIRUPHGVKDSHRIWKHVOHHSHUZLWKPPWUDQVYHUVHKROH
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5HVXOWVDQGGLVFXVVLRQ
)LJLOOXVWUDWHVWKHLQLWLDOVWDJHDQGWKHGHIRUPHGVWDJHRIWKHSUHVWUHVVHGFRQFUHWHVOHHSHUZLWKQRZHERSHQLQJV
7KHPD[LPXPGHIOHFWLRQREWDLQHGIURPWKHH[SHULPHQWDOGDWDZKLFKLVPPZDVDSSOLHGWRWKHUDLOVHDWSRVLWLRQDV
ERXQGDU\FRQGLWLRQDVVKRZQLQ)LJ7KHORDGGHIOHFWLRQFXUYHZLOOEHSORWWHGIURPREWDLQHGGHIOHFWLRQ7KHWRWDO
IRUFHZLOOEHFDOFXODWHGIURPWKHWZRUHDFWLRQIRUFHVIURPWKHUROOHUVXSSRUWV7KHVHWZRUHDFWLRQVZLOOEHVXPPHGXS
WRJHWKHULQRUGHUWRREWDLQWKHWRWDOIRUFHIRUWKHDSSOLHGGLVSODFHPHQW)LJVDQGLOOXVWUDWHWKHLQLWLDOVWDJHDQGWKH
GHIRUPHGVWDJHRIWKHSUHVWUHVVHGFRQFUHWHVOHHSHUVZLWKPPWUDQVYHUVHKROHDQGPPYHUWLFDOKROHUHVSHFWLYHO\


)LJ'HIRUPHGVKDSHRIWKHVOHHSHUZLWKPPYHUWLFDOKROH
&RQFOXVLRQV
7KLV SDSHU SUHVHQWV RULJLQDO DQG ULJRURXV QXPHULFDO LQYHVWLJDWLRQV LQWR WKH VWUXFWXUDO EHKDYLRUV RI UDLOZD\
SUHVWUHVVHGFRQFUHWHVOHHSHUVZLWKKROHVDQGZHERSHQLQJV$VDFRPPRQSUDFWLFH WUDFNHQJLQHHUVRIWHQJHQHUDWH
KROHV RUZHE RSHQLQJV LQ FRQFUHWH VOHHSHUV WR HQDEOH WKH DFFRPPRGDWLRQ RI UDLO HTXLSPHQW FDEOHV DQG VLJQDOLQJ
HTXLSPHQW 7KLV VWXG\ DLPV WR SURYLGH QRYHO DGYDQFHGPRGHOLQJ IRU GHWHUPLQLQJ VWUXFWXUDO FDSDFLW\ DQG HQHUJ\
WRXJKQHVVRISUHVWUHVVHGFRQFUHWHVOHHSHUVZLWKDQGZLWKRXWKROHVDQGZHERSHQLQJV7KHILQLWHHOHPHQWPRGHOOLQJ
IRUXOWLPDWHVWUHQJWKGHVLJQRIFRQFUHWHVOHHSHUVKDVEHHQHVWDEOLVKHGDQGYDOLGDWHGXVLQJH[SHULPHQWDOUHVXOWV7KH
FRPSDULVRQ EHWZHHQ QXPHULFDO DQG H[SHULPHQWDO UHVXOWV H[KLELWV H[FHOOHQW DJUHHPHQW DQG WKXV VXJJHVWV WKDW WKH
PRGHOVDUHFDSDEOHRISUHGLFWLQJWKHIDLOXUHSODQHVDQGFDQKHOSSURYLGHSUDFWLFDOJXLGHOLQHVIRUWKHKROHVDQGZHE
RSHQLQJIRUWUDFNHQJLQHHUV)XWXUHZRUNLQFOXGHVWKHSURJQRVWLFDQGGDPDJHLGHQWLILFDWLRQRIUDLOZD\SUHVWUHVVHG
FRQFUHWHVOHHSHUVXVLQJDFRXVWLFHPLVVLRQDQGPRGDODQDO\VLV>@
$FNQRZOHGJHPHQWV
7KHDXWKRUVZRXOGDOVROLNHWRWKDQN%ULWLVK'HSDUWPHQWRI7UDQVSRUW'I7IRU7UDQVSRUW7HFKQRORJ\5HVHDUFK
,QQRYDWLRQV*UDQW6FKHPH3URMHFW1R5&6DQGWKH%5,'*(*UDQW3URMHFWHQWLWOHGµ,PSURYLQJGDPSLQJ
DQGG\QDPLFUHVLVWDQFHLQFRQFUHWHWKURXJKPLFURDQGQDQRHQJLQHHULQJIRUVXVWDLQDEOHDQGHQYLURQPHQWDOIULHQGO\
DSSOLFDWLRQVLQUDLOZD\DQGRWKHUFLYLOFRQVWUXFWLRQ¶NLQGO\SURYLGHGE\8QLYHUVLW\RI%LUPLQJKDPDQGWKH8QLYHUVLW\
RI,OOLQRLVDW8UEDQD&KDPSDLJQ)XOOVFDOHUDLOZD\FRQFUHWHVOHHSHUVKDYHEHHQNLQGO\VXSSRUWHGE\1HWZRUN5DLO
DQG&(0(;7KHILUVWDXWKRUZRXOGOLNHWRJUDWHIXOO\DFNQRZOHGJHWKH-DSDQ6RFLHW\IRUWKH3URPRWLRQRI6FLHQFH
-636IRUKLV-636,QYLWDWLRQ5HVHDUFK)HOORZVKLS/RQJWHUP*UDQW1R/DW7UDFN'\QDPLFV/DERUDWRU\
5DLOZD\7HFKQLFDO5HVHDUFK,QVWLWXWHDQGDW&RQFUHWH/DERUDWRU\WKH8QLYHUVLW\RI7RN\R7RN\R-DSDQ
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